Using equations and boundary conditions derived in Part I*, calculations have been performed on the ternary diffusion processes that occur in acellulose acetate (CA) -acetone casting solution immersed into a water bath. The necessary concentration-dependent thermodynamic and hydrodynamic parameters have been derived from experimental data on the three limiting binary mixtures. Calculations show that immersion of the polymer solution into the coagulation bath results in an instantaneous increase of the polymer concentration at the surface of the solution. For a CA-acetone casting solution the thickness of this concentrated surface layer will increase until the onset of liquid-liquid demixing by means of nucleation and growth of the diluted phase that fixes the asymmetric polymer distribution in the film. The moment of onset of the demixing process depends on the thickness of the film. However, addition of a certain minimum amount of water to the casting solution results in an instantaneous onset of liquid-liquid demixing upon immersion, yielding a membrane with a very thin skin layer. The model calculations have been confirmed by light transmission measurements performed on immersed casting solutions.
Introduction
In Part I of this paper equations and boundary conditions have been derived, describing the diffusion processes that occur after immersion of a cast polymer solution into a nonsolvent bath, prior to possible demixing processes.
In this part this formalism will be applied to a ternary system for which enough parameters are known. The diffusion processes in a polymer solution consisting of cellulose acetate (CA) and acetone immersed into a water bath will be described. This system contains three of the basic components from which Loeb-Sourirajan-type membranes are prepared. Thus, the calculations presented in this paper may serve as a base when considering the mechanism of formation of these type of membranes.
Composition paths will be calculated representing composition changes as a function of time or place for different coagulation bath or casting solution compositions.
Attention will be focussed on the position of the composition path relative to the position of the binodal in the ternary phase diagram. When the composition becomes metastable somewhere in the polymer solution, i.e. when the composition path crosses the binodal curve, nuclei of the polymer-poor phase are formed which may grow out to become the pores in the ultimate membrane.
The moment at which this liquid-liquid demixing process will occur in the casting solution can be calculated with our diffusion model and measured by means of light transmission experiments performed on immersed casting solutions. Thus, a simple method is at hand to test the diffusion model.
Besides the influence of liquid-liquid demixing the influence of aggregate formation on the ultimate membrane structure will also be discussed. Before presenting the values of the parameters used in our model calculations, a short summary of the equations, relations and boundary conditions as derived in Part I will be given.
The equations that describe the ternary diffusion in the polymer solution are given by:
(1) where hi and hi are the partial specific volume and the volume fraction of component i, respectively; ~j is the chemical potential of component j, and m is a special position coordinate described in Part I. The subscripts 1,2 and 3 refer to nonsolvent, solvent and polymer, respectively. For a complete list of symbols we refer to Part I.
The ternary coefficients L, have been expressed as a function of ternary frictional coefficients Rij: where $~=@1/(~1 +&I.
The ternary frictional coefficient Rz3 has been related to the binary sedimentation coefficient s3:
(1-93)~3w72-Ux 1
where p is the density of the binary polymer-solvent mixture.
The frictional coefficient RI3 has been related to RS3:
C will be assumed to be a constant that has to be estimated. The binary diffusion in the coagulation bath is described by the following equation:
(6) where y is a special position coordinate relative to the moving interface between bath and film, and X(t) is the position of this interface.
The boundary conditions at this interface are as follows: -The chemical potentials are equal at both sides of the interface for all three components. -The fluxes of component 1 and those of component 2 are equal at both sides of the interface. In the next sections the values of the parameters used in the diffusion equations will be given. These parameters are: 
Thermodynamic interaction parameters g12, g2s and xl3 derived from experimental data
In Appendix A of Part I, expressions for the chemical potentials pl, ,M~ and p3 are presented. In this section the values of the thermodynamic interaction parameters will be presented for the binary mixtures acetone-water, CA-acetone and CA-water.
The concentration-dependent parameter g,, ( G2), representing the interaction between water and acetone, has been calculated from literature data [l] on the excess free energy GE as follows [ 2 ] :
where x1 represents the mole fraction of water in the mixture.
The calculated values for g12 are strongly concentration dependent as can be seen in Fig. 1 . The parameterg,, (q&2) for acetone-water at 25" C can be described as follows: g,, =0.979 + 1.127 exp ( -2.306 &) + 0.292 exp ( -12.564 &) 
The concentration-dependent parameter g,, for CA-acetone mixtures, determined by means of osmotic pressure measurements, has been given by Altena [ 31:
g2, appears to be less strongly concentration dependent than g12. The thermodynamic interaction between water and CA is described by means of a constant parameter x13, measured from swelling experiments [ 41: x13=1.4 (25°C) These binary parameters will be used in the expressions for the chemical potentials of the ternary system CA-acetone-water.
The liquid-liquid demixing gap
The ternary system CA-acetone-water is not miscible in all proportions. It is possible to calculate the binodal and spinodal curves, using the expressions for the chemical potentials described in Appendix A of Part I and the thermodynamic interaction parameters described in the previous section. We have calculated the binodal and spinodal curve assuming the CA to be monodisperse, with MS equal to 27,000.
In Fig. 2 the calculated binodal and tie lines are shown in a phase diagram together with the measured position of the liquid-liquid demixing gap [ 51. It can be concluded that the measured position of the demixing gap and the calculated position of the binodal curve are in good agreement. This implies that the chemical potentials in this ternary system are well described by expressions with binary concentration-dependent interaction parameters. These expressions for the chemical potentials are used not only for the calculation of the position of the demixing gap, but also in the diffusion equations (1) and for the calculation of the interfacial boundary compositions.
As shown in Fig. 2 , the ternary phase diagram will always be represented partially in this paper.
The binary frictional coefficient R,, derived from experimental diffusion data
In the introduction of this paper the relation between R,, and the mutual diffusion coefficient for water-acetone mixtures was given by eqn. (3 ) For mixtures of acetone and water RI2 is assumed to be independent of @J ( @I + &) and to be equal to RI2 (& = 1) in our model calculations. From equations (3) and (10) it can be derived that
As a consequence of the assumption that RI2 is constant, D must be given by:
The diffusion coefficients calculated according to equation (12) The sedimentation coefficients have been determined from the displacement of the maximum of the concentration gradient curve.
The CA used, obtained from Eastman Kodak, had an acetyl content of 39.8% and viscosity number 3 (ASTM) ; MN = 27,000, Mw= 54,000.
The partial volume of CA in acetone has been calculated from the slope of the solution density versus concentration plot. The partial volume appears to be independent of concentration within the experimental concentration range (up to q&=0.12) and has a value of 0.7~10-~rn~-kgg~at 20°C.
In Fig. 3a the sedimentation coefficient is shown as a function of the volume fraction of polymer.
In order to transform expression (4) into a form comparable with expression (11) the variable
When we substitute F( qj3) into expression (4)) Rz3 is given by:
Thus RI2 can be compared with RX3 ( qb3) by comparing D (q$ = 1) with F ( $3). From Fig. 3b it follows that F ( qb3) depends strongly on concentration. A linear relationship between log F( #3) and g3 exists for 0.05 < g3 < 0.12. Therefore, F ( qi3) will be approximated for & > 0.05 by the following expression: (15 ) is hereby confirmed.
Influence of the various frictional coefficients on the rate of diffusion
Knowing the experimental values for the binary frictional coefficients, it is interesting to examine whether the frictional force between solvent and nonsolvent can be neglected compared with the frictional force exerted by the polymer on the low-molecular-weight components as proposed by Cohen et al. [81*
The obscure influence of the various binary frictional coefficients on the rate of diffusion can be elucidated when the following simplifications concerning the thermodynamics of the ternary system are adopted:
Moreover it is assumed that R13= ( vI/v2) Rz3 (the constant C in expression (5) is taken to be 1).
Consider a ternary solution with gradients in the solvent and nonsolvent concentrations, but without a gradient in the polymer volume fraction. The above-mentioned assumptions make it possible to describe the diffusion process in this solution with the following equation, derived from eqn. (1):
This equation describes a kind of binary diffusion process in a polymer matrix of which the density can be chosen. The diffusion coefficient for this process, D', is given by the term between brackets. D ( & = 1) = 1.25 x lo-' m"/sec and F( G3) is represented by expression (15). The value of D' ( #3 ) will be calculated for #3=0.15. This polymer volume fraction is approximately equal to a CA weight fraction in acetone of 0.25, which is the usual CA content of a Loeb-Sourirajan-type casting solution. For e3 = 0.15 it follows that D' = 1.36 x 10 -' m"/sec.
When the frictional force acting between solvent and nonsolvent is neglected
When the frictional forces acting between polymer and the low molecular weight components are neglected (F+co) it follows that D' = 1.47 x 10 -' m"/sec.
From these results it can be concluded that for the system CA-acetone-water the frictional force acting between solvent and nonsolvent may not be neglected (as proposed by Cohen et al. [ 81) if one wishes to describe the diffusion behavior at a polymer volume fraction of 0.15.
Calculated composition paths valid for a short period after immersion
In this section will be presented the calculated composition changes in an immersed CA solution during the period over which the bottom composition of the film remains unchanged. In Part I we have shown that during this period the interfacial boundary compositions remain constant.
First, a short description will be given of the iterative procedure followed for the calculation of concentration profiles in the film as a function of time, for certain initial compositions of the coagulation bath and the polymer solution:
The diffusion equations for the semi-infinitely thick film (eqn. This procedure is repeated by choosing other interfacial boundary compositions until the calculated solvent fluxes at both sides of the interface are equal. By changing the interfacial boundary compositions into the direction of the critical point, the calculated solvent flux decreases at the film side of the interface whereas it increases at the bath side of the interface. If the interfacial boundary compositions are situated at the critical point and the calculated solvent flux at the film side of the interface is still higher than the calculated solvent flux at the bath side of the interface, an interfacial boundary will not be formed. This means that a concentration profile will be formed as shown in Fig. 2b of Part I of this paper.
In order to examine whether metastable compositions are reached somewhere in the polymer solution, the calculated composition changes in the film will be represented in a ternary phase diagram. This can be carried out by representing the composition changes by means of 'composition paths'.
In this section we consider the film to be infinitely thick. Under these circumstances the composition change in the film is a function of mt -1'2 and the composition path can be interpreted in two different ways: l The path shows the succession of compositions at a fixed position in the film from the initial composition to the composition for t-r co.
l The path shows the succession of compositions at a fixed moment from the bottom of the film to the interfacial boundary. The derivation of the composition paths from the calculated concentration profiles is accompanied by a loss of information about the concentration distribution in the film as a function of time. However, in a following section a calculated composition profile will be shown.
For the calculations it is assumed that the initial polymer volume fraction in the film is equal to 0.1. This corresponds with a CA weight fraction in acetone equal to 0.17.
In Fig An increase of the initial acetone concentration in the bath is accompanied by a decrease of the polymer concentration at the interfacial boundary of the film. At a certain initial solvent concentration in the bath the two-phase system can no longer exist and the interfacial boundary layer will disappear. This means that the polymer starts to dissolve in the coagulation bath.
However, the polymer will also dissolve in the coagulation bath if this contains exactly (or a little more than) the amount of solvent necessary to create an interfacial boundary layer. For example, if the polymer concentration at the boundary of the film is equal to 5%) the polymer concentration at the boundary of the bath will be O.l%, which means transfer of polymer from the film. In a following paper we will show that this concentration is in fact considerably higher than 0.1% because of the polydispersity of the polymer.
At this point, the case will be considered in which the coagulation bath consists of pure water at the start of each experiment. A varying amount of water is added to the casting solution while the polymer volume fraction is kept constant at 0.1.
In Fig. 6 composition paths are shown which describe the composition change in the film during the time the bottom composition of the film remains unchanged. The unknown parameter R,, has been varied in the same way as in Figs. 4 and 5. Figure 6 shows that the polymer concentration at the interfacial boundary increases with increasing water content of the casting solution. However, most striking is the fact that an increasing water content of the casting solution causes the composition path to shift towards the binodal. At a certain water content of the casting solution-the composition path even crosses the binodal, which means that immediately after immersion of the film into the bath a metastable composition is reached just beneath the interfacial boundary in the film. Previously quenching experiments have been performed in our laboratory on metastable solutions with a degree of supersaturation of about 0.1% water. These experiments yielded induction times for liquid-liquid demixing which were so short that they could not be detected experimentally. Therefore, it is assumed that liquid-liquid demixing by means of nucleation and growth of the diluted phase takes place immediately after entering the mztastable composition region.
When the composition path does not cross the binodal liquid-liquid demixing can not take place; this situation persists at least as long as the composition at the bottom of the film remains unchanged.
Thus the time it takes before liquid-liquid demixing occurs somewhere in the immersed film will decrease from a measurable period dt, at zero water content, to zero upon adding a certain critical amount of water to the casting solution. According to our calculations (see Fig. 6 In the next section will be shown how this critical value of &/g2 can be determined experimentally. Comparison of this measured value of #1/#2 with the calculated value of @i/G2 for different expressions for RI3 enables us to obtain a satisfactory expression for R13. 
Light transmission experiments
Light transmission experiments on immersed casting solutions have been performed in order to measure the time it takes before liquid-liquid demixing occurs somewhere in the film.
The experimental setup for these measurements is shown in Fig. 7 . The membrane is cast on a small glass plate. The glass plate is turned upside down and placed on four points of support in a transparent water bath as quickly as possible. The water level in the bath is just in between the top and bottom of the glass plate to prevent troublesome light scattering at the water surface.
The cast film must be positioned at the lower side of the glass plate for the system CA-acetone-water, because this geometry prevents convection in the coagulation bath as a result of the large density difference between acetone and water. Recall the wish to compare the results of these measurements with model calculations where only mass transfer by diffusion is considered.
Above the coagulation bath, a simple desk lamp acts as a light source. After immersion of the cast film in the coagulation bath, the light transmittance is measured and recorded as a function of time. The appearance of optical inhomogenities in the film, as a result of liquid-liquid demixing, causes the light transmittance to decrease.
After the coagulation process a small piece of membrane with a certain surface area, positioned above the detector, is cut out, dried and weighed. In combination with the known volume fraction of polymer in the cast solution the thickness of the immersed film at t = 0 can be calculated.
These measurements were performed on CA casting solutions containing a variable amount of water and a constant volume fraction of polymer ( qj3 = 0.1) . We were especially interested in the critical value of $J& in the casting solution where a transition exists from delayed onset of liquid-liquid demixing to instantaneous onset of liquid-liquid demixing. The onset of liquid-liquid demixing in the immersed film is accompanied by a strong decrease in light transmittance.
Experimental results for films with an initial thickness of 220 pm are shown in Fig. 8 The measurements performed on casting solutions with a water/acetone ratio smaller than the critical value have been repeated for different film thicknesses. It has been observed that the delay time for the onset of liquid-liquid demixing is proportional to the square of the initial film thickness.
This observed relation confirms the validity of the diffusion model because it can also bederived from eqns. (16), (19), (21), (22) and (23) These new position coordinates yield boundary conditions and diffusion equations in which the geometry of the diffusion problem is only expressed by the factor l/M', positioned before the right-hand sided terms in eqns. (16) and (19) . This means that, relative to the new position coordinates, the rate of diffusion in the coagulation bath and in the film is inversely proportional to the square of the initial film thickness.
Suppose that a saturation composition is reached first at position (m/M) *. Then, the time required for position (m/M) * to reach the saturation composition is proportional to the square of the initial film thickness.
In the previous section composition paths were calculated which describe composition changes that occur during the time the bottom composition of the film remains unchanged. According to our model the composition path in a ternary phase diagram does not shift during this period. As soon as the bottom composition of the film starts to change, however, the composition path in the ternary phase diagram starts to shift and it may cross the binodal after a certain time, according to the observations presented in this section. In the next section calculated composition paths will be presented which approximately describe the composition changes that occur during a longer period of immersion of a film with an initial thickness of 200 pm. The model calculations will be compared with the observation that the delay time for the onset of liquid-liquid demixing is equal to 20 seconds for an initially 200 ,um thick, waterfree film immersed into a pure water bath.
Calculated composition paths approximately valid for a longer period of immersion
After a certain period of immersion of a film with finite thickness the bottom composition of the film will change. As soon as this happens it cannot be argued anymore that the interfacial boundary composition of the film remains constant.
Considering the final result of the precipitation process it is clear that the polymer concentration at the interface will increase. Depicted in a ternary diagram, the boundary composition will shift upwards along the binodal until no solvent is left. The change of composition at the interface is a severe complication of the calculation procedure.
We will approximate the change of the composition in the film for a longer period of immersion by assuming the interfacial boundary composition to remain constant. The approximation becomes worse of course when the bottom composition in the film differs more from the initial composition.
In Fig. 9 the calculated change of the composition path is shown for an initially 200 pm thick water-free film, immersed into a pure water bath. The calculations have been performed using two different expressions for &. Although the calculated delay time is only an approximation because we assumed the interfacial boundary composition to remain constant, this approximation is confirmed by Fig. 6b , which shows that the presence of a considerable amount of water in the casting solution hardly influences the interfacial boundary composition.
Thus the light transmission measurements have provided two independent experimental checks which indicate that our diffusion model correctly describes the composition changes in an CA-acetone (-water) solution immersed into a water (-acetone) bath, if RI3 is chosen to be equal to 0.5 ( v,/e,) Rz3. The fact that RI3 has to be chosen smaller than ( VI/ V2) Rz3 seems reasonable because the smaller water molecules will penetrate the 'polymer network' easier than do the acetone molecules, assuming that in the ternary solution the water molecules do not form clusters like in pure water. (See also the derivation of eqn. (44) In the previous sections was shown that a reasonable assumption for our model is: R13-0.5( V1/V2) Rz3. For this value of RI3 the actual composition profile is shown in Fig. 10 for an initially water-free film immersed into a pure water bath. The volume fractions of polymer and water are shown as functions of the distance from the interface between the bath and the film (2~'). Because the diffusion equations have been solved using the position coordinate m, it was necessary to convert the solution using the expression: Composition profiles at 1 second and 21 seconds after immersion of the film are shown. These profiles correspond to the composition paths shown in Fig.  9b . The initial film thickness is 200 ,um. According to the calculations, the film thickness hardly decreases during the first 21 seconds after immersion of the film. However, near the interfacial boundary the polymer concentration increased very strongly at the very moment of contact between the polymer solution and the bath. The small region of highly concentrated solution grows out until the onset of liquid-liquid demixing (21 seconds after immersion) fixes this asymmetric polymer distribution in the film.
Thus, the asymmetric porosity distribution in the ultimate membrane is determined by the polymer distribution that results from the diffusion processes in the immersed film until the onset of liquid-liquid demixing.
Liquid-liquid demixing by means of nucleation of the diluted phase cannot take place at the interface between the bath and the film because the film composition at the interface remains situated on the binodal during the coagulation process. This is independent of the position of the composition path relative to the position of the binodal in the ternary diagram.
I. When the composition path does not cross the binodal before the bottom composition of the film has changed, which is the case for the ternary system considered in Fig. 10 , the region of highly concentrated polymer solution just beneath the interface increases considerably until the onset of liquid-liquid demixing. The delay time for the onset of demixing, and thus the thickness of this intermediate layer at the moment of onset of liquid-liquid demixing, depend on the initial position of the composition path relative to the position of the binodal and on the rate of shifting of the composition path towards the binodal in the ternary diagram.
It is interesting that the thickness of the intermediate layer also depends on the initial thickness of the cast film. Because the polymer concentration in this layer is relatively high at the moment of onset of liquid-liquid demixing, the porosity induced by this demixingprocess will be relatively low while the chance that the ultimate pores will be interconnected is small. Consequently, when liquid-liquid demixing is the only demixing process that is responsible for pores in the ultimate membrane, this intermediate layer will influence the transport behavior of the membrane very strongly. According to this reasoning the transport behavior of this type of membrane is influenced by the thickness of the cast film.
Beneath this effectively dense intermediate layer with a thickness of a few micrometers (see Fig. 10 ) a thick sublayer is formed which is highly porous because the initial polymer concentration has hardly increased until the onset of liquid-liquid demixing in this layer.
II.
When the initial composition path already crosses the binodal, the onset of liquid-liquid demixing will not be delayed and nuclei of the diluted phase will be formed just beneath the top layer in a region where the initial polymer concentration has hardly changed. Consequently, the induced porosity and the interconnectivity of the pores will be high. In a following paper will be shown that the nuclei of the diluted phase formed in this region of the film can even grow out to form macrovoids in the ultimate membrane. The ultimate transport behavior of this type of membranes is only determined by the very thin dense layer formed at the interface between bath and film.
The nuclei of diluted phase, formed beneath the skin layer, cannot grow through the interface between the coagulation bath and the polymer solution film because there exists no condition of supersaturation at the interface. In our opinion a microporous surface layer will only be formed if the formation of an interfacial boundary between bath and film is prohibited by the presence of an excess amount of solvent in the bath (see Figs. 4 and 5 ). This assumption is in accordance with experimental results of Wijmans et al. [ 91 concerning the formation of microporous surface layers.
During the immersion process the exchange of solvent and nonsolvent in the demixed film continues, causing an increase of the polymer concentration in the concentrated phase surrounding the pores. When the concentrated phase crosses the glass transition in the isothermal phase diagram the ultimate structure of the membrane is fixed.
Membranes formed by the mechanism of delayed onset of liquid-liquid demixing will be called type I membranes.
Membranes formed by the mecha-nism of instantaneous onset of liquid-liquid demixing will be called type II membranes. For type II membranes the thickness of the thin skin layer is very important for the transport properties of the membrane. This thickness is determined by the distance to the interface of the position where the first nuclei of the diluted phase are being formed. Unfortunately our model only predicts that the composition in the film just beneath the interface becomes metastable immediately after immersion of the film. The prediction of the exact position where the first nuclei of the diluted phase are being formed is beyond the scope of this model.
Discussion
In the previous sections we have considered liquid-liquid demixing by means of nucleation and growth of the diluted phase as the pore-forming mechanism during membrane formation. According to this consideration and our model calculations one can distinguish between two types of membranes:
Type II membranes consisting of two layers: (i) a very thin skin layer where no nucleation of the diluted phase could take place; (ii) a thick sublayer with interconnected pores stretching out to the bottom side of the membrane.
Type I membranes consisting of three layers. In between the two layers mentioned for type II membranes an effectively dense intermediate layer has been formed with a thickness of a few micrometers. Because of the high polymer concentration at the moment of onset of demixing the formation of an interconnective pore structure in this layer has been prohibited.
Type I membranes will be formed only when the initial composition path does not cross the binodal in the ternary phase diagram. We have shown that type I membranes are formed when a CA-acetone solution is immersed into a coagulation bath consisting of water only.
In a following paper will be shown that the type of membrane that will be formed is strongly influenced by the degree of miscibility of the solvent and the nonsolvent. When solvents are used which are better miscible with water than acetone (for example DMSO, DMF or dioxane) type II membranes will be formed.
Besides liquid-liquid-demixing, other porosity-inducing processes like crystallization or aggregate formation may occur during the immersion process. Aggregate formation occurs in several ternary systems [ 5, 10, 11 ] at a certain nonsolvent or polymer concentration. This demixing process, accompanying the gelation process, often results in a nodular or fibrillar structure. In a previous paper [ 51 we have shown that this process also occurs in CA/acetone/ water solutions, the system discussed in this paper.
We think that aggregate formation will lead to much beter interconnected pores than liquid-liquid demixing (above the critical point) because the solution demixes by means of nucleation and growth of a solid phase.
Especially in type I membranes the occurrence of this demixing process during the immersion of the cast film will influence the transport properties of the ultimate membrane to a large extent because it will increase the degree of interconnectivity of the pores in the dense intermediate layer beneath the skin layer.
The influence of this demixing process on the structure of the thin skin layer is hard to predict because no experimental data are available on the structure induced by aggregate formation in highly concentrated polymer solutions. The calculations presented in this paper provide the composition range in which these structure analyses should be carried out for the ternary system CA/acetone/water.
